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A RAJ?JDAJ?PROXDWI’EMIKI!HODFOR ~G VELOCITY DISTRIBUTION

ON IMPEMERBLADFSOF CENTmFum ccEmmssoRs

By John D. Stanitz and Vasily D. IYian

A rapid approximate methmi of analysis was developed for both com-
pressible and inccqressible, nonviscous flow through radial- or mixed-
flow centrifugal compressors with arbitr~ hub and shroud cmtours and
with arbitrary blade shape. The method of analysis is used to deter-
mine approximately the velocities everywhere along the bkde surfaces,
but no information concerning the variation in velocity across the
passage between blades is given.

In eight numerical exsmples for two-dimensional flow, covering a
fairly wide range of flow rate, impeller-tip speed, number of blades,
and blade curvature, the velocity distribution along the blade surfaces
was obtained by the approximate method of analysis and compared with the
velocities obtained by relaxatim methods. In aid.cases the agreement
between the approximate solutions and the relaxation solutions was
satisfactory except at the @eller tip where the velocities obtained
by the approximatee method did not, in general, become equal on both
surfaces of the blade as required by the Joubwski condition.

lXT13011UCTION

h iqellers of centrifugal compressors,part of the viscous losses
and the phenomena of surge and choke me related to the velocity d3.s-
tribution on the blade surfaces. Viscous losses in impellers are
associated with the boundary layer along the flow surfaces. The growth
of this boundary layer depends on the velocity variation along the flow
surfaces just outside of the boundary layer. In particular, if the
velocity decelerates rapidly along the blade surfaces, the boundary
layer may separate causing large mixing losses. Also, if the velocity
at any point along the blade surface is sufficiently greater than the
local.speed of sound, shock losses will result. The choke phenomenon
occurs when the average velocity between blades is sonic. This average
sonic velocity is characterizedby locsl supersonicvelocities along
portions of the suction surface of the blade. One possible cause of
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surge M centrifugal impelLers is the farmatia of relative eddies on
the pressure surface of the blade (reference1). These eddies are

u

Characterizedby negative velocities, opposed to the general flow
direction, along portions of the pressure surface. In order to analyze
the performance of centrifugal impellers it is therefore necessary to
determine the velocity distribution on impeller blades.

Several methods of analysis that can be used to determtne the
Variatim in velocity along blades with finite spacing have been
develuped for two-tiensional incompressibleflow (references 2 to 5,
for example) and compressible flow (references1 sad 6). AU these
methods require considerable labor and therefore are not convenient
tools for analyzing the performance of an arbitrary impelkr design.

In this report a rapid approximate method developed at the NACA
Lewis laborat~ is ~reseated for both compressible and incompressible,
nonviscous, two-dimensional flow between blades with finite spacing in
radial- cm mixed-flow centrifugal compressorswith arbitrary hub and
shroud centours and with arbitrary blade shape. The method of analysis
can be used in connectionwith an axial-symmetry solution to determine
the velocities everywhere along the blade surfaces,but no information
concerning the variation in velocity across the’passage between blades
is given.

c1

Other approximate methods that are less rapid than the proposed
method for ccmputing the velocity distribution cm blade surfaces in
hq?ellers of centrifugalpumps and ccmpressws me given in refer-
ences 6 to 9. h the sections SIMHiO?IED AMIYSIS of refer-
ences 6 and 7 approdnate methods are developed for ccmputing the
theoretical distribution of velocity across the passage along normals
to the blade maces. The methods sre limited to straight or
logarithmic-spiralblade shapes on radial or conic surfaces of revolu-
tion and do not apply, because of assumptions, in regions near the
impeller tip and the impeller inlet. In reference 8 methods are
developed for computing the distribution of veioc”ityacross the pas-
sage between blades in the circumferential direction for incompressible
flow with arbitrary blade shapes and with arbitrary hub and shroud
contours. The methods do not apply, because of assuqtions, in regions
nesr the impeller tip and the impeller inlet. b reference 9 an
approximate method is developed fcm computing the theoretical velocity
distribution everywhere within the impeller. In this method the cor-
rections required for compressibilityand for blade unloa~ at the
tip sre sumewhat more complicatedthan those presented herein.

THEORY OF h53THOD

The method of smslysis presented in this section determhes the
velocity U stribution along the profiles of blade eleknts on surfaces
of revolution.
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Considerations

3

Assumed nature of flow. - In this section certain preliminary
assumptions sre made concerning the three-dimensional flow of an ideal
compressible fluid through an arbitrary @eller passage between blades
such as shown in figure 1. In general, the fluid is free to follow
whatever path the pressure and inertia forces require of it. If,
however, it is assumed that the number of blades in the @el.ler
approaches infinity, the space between bkdes approaches zero and the
path of the fluid is restricted to the curved, mean surface of the
blade. (The blades become very thin so that the two surfaces of each
blade approach a mean surface.) Under this assumption of axial
symmetry the fluid motion is reduced from a general three-dimensional
motion to a two-dimensionalmotion on the curved, mean blade surface.
The stresnlines of this two-dimensionalmotion can be projected on the
meridional (axial-radial)plane, as shown in figure 2. Ruden (refer-
ence 10) has shown that, provided that the blades are not too widely
spaced, atial-symetry solutions give a good picture of the mean flow
between blades.

For finite blade spacing, flow conditions vsry between blades in
. the circumferential direction about the axis of the impeller. In order

to investigate this blade-to-blade variation, it is assumed that the
motion of any fluid particle bounded by adjacent streamlines in the
meridicmal plsme (fig. 2) is restricted to the annulus generated by
rotating these adjacent streamlines about the axis of the hpell,er.
If the adjacat streamlines are sufficiently close together, flow
conditions in the annulus can be considered uniform normal to a mean
surface of revolution in the annulus. Thus the fluid motion is reduced
to two-dimensional flow cm the mean surface of revolution (fig. 3)
generated by rotating the center line between the adjacent streamlines
in the meridional plane (fig. 2) about the axis of the impelier.

Blade-to-blade solutions of this type may be obtained for every
mean surface of revolution generated by the center ties between
adjacent streamlines in the meridional plane. Therefore, flow condi-
tions can be determined throughout the passage between blades. The
resulting quasi three-dhensional solutim is obtained by the combina-
tion of two types of two-Mmensional solution, axial-symmetry solu-
tions in the meridional plane and blade-to-blade solutions on surfaces
of revolution. Such a combination of solutions prohibits the possi-
bi~ty of a corkscrew path, which the fluid might follow in an exact
three-dhensional solution,but it cm be expected to give a better
picture of the flow than does say two-dibnensionalsolution alone.

The method of anslysis just described is accomplished h two
phases, axial-symmetry solution and blade-to-blade solutions. Only
the second phase, blade-to-bbde solutions, wi13 be considered in this

.:
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report. The shape and the distribution of
tial-radial plane are assumed to be lmown

IMCA TN 2421

t
meridional streamlines in the
frcm an &al-syllmletm

solution (ref-&nce H., for exsmple). Thus, for a blade-t&-bla& .

solution h the annulus generated about the axis of the impeller by any
two aaacent meridional streaml-ties(fig. 2), the shape of the mean
surface of revolution (fig. 3) is known from the shape of the center
line between the adjacegt meridional streamlines,and the variation in
height of sn elementary fltid p-icle (fig. 2) as it moves along the
mean surface of revolution from the impeller inlet to the impeller tip
is known from the variation in spacing of the adjacent meridional
streamlines.

Coordinates. - The cykbdrical coordinates R, e, and Z are
shown in figure 3. (KU symbols sre defined in the appendix.) These
comdinates are dimensionless,the 13near coordinates R and Z having
be= divided by the impeller-tipradius q. The coor-te system iS
oriented with the Z-axis along the tis of the h@U.er. The coordi-
nates are fixed relative to the hpeller, which rotates with the
~ Vd.ociw @ in the pOSitiVe direction (right-handrule) about
the Z-tis, as shown in figure 3.

Au infinitesimal distance dS in the direction of flow (that is,
J

coinciding with the velocity vecta) has components dR, RdB, and dZ
(fig. 3). The projection of dS on the meridional plane is given by
dM b figure 3. !Cheinfin.iteshal distances dS and dM help to
define two angles a and B where, from figure 3,

dll=dlfs ina (la)

dz=”dlicosa (lb)

and

dhf=dscosp (2a)

Rd8=dSsin13 (2b)

The sngle a (fig. 3) is determined by tangents to the center tie,
between adjacent meridional stre~es, tit generates the mf ace of
revolution. The angle j3 (fig. 3) is the flow direction on the sur-
face of revoltiion measured from a m=idional line. From equation (2a)

-+lq

because dS and dM are always positive
tions (la) and (lb),

o= c+

and finite. Fran equa-

“

.
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.
because for iqkllers of centrifugal compressors dR and dZ wl13 be
ccmsidered positive (or zero).

Fluid Strip. - A fluid strip of infinitesimalwidth M lies on
the surface of revolution and extends across the passage between blades
slong a he of constant R. A developed view of the fluid strip is
shown in figure 4. The fluid strip has &mensions dM and RAO where

~ the angdar width of passage between bides A6 is defined by

. .

.,

A(3= et-(?d (3)

in which the mibscripts d and t refer to the driving and trailing
faces of the blades, respectively (left and right walls of the channel
between blades in fig. 4). The height ratio H of the fluid strip is
defined as the ratio of the incremental height Ah (fig. 2) of the
fluid strip at radius R to the incremental height (.Ah)~ of the

fluid strip at R = 1.0. This height ratio is completely determined
along a mean surfape of revolution by the spacing between the adjacent
streamlines in the meridional plane (fig. 2).

Velocity cap Orients. - The relative velocity Q on a surface of
revolution has compments ~ and C/g in the dM and W directions,

respectively, (fig. 3). These velocities are dimensionless,hawing
been di@ied by the absolute stagnation speed of sound co upstream of

impeller,

in which
T is the

where

co2 = T@. (4)

R is the gas constant, y is the ratfo of specific heats,
static (stream) t~erature and where the subscript o refers

to stagnation conditions upstream of the impeller. The
the impeller is likewise dimensionless and equal.to the
Mach nmiber My, which is defined by

Thus, the
equal.to

equal to

and3

.

tip speed of
impeller-tip

(5)

tangential velocity of the hpeller at any radius R is
~ and the absolute tangential veloci~ of the fluid is

(~ + ~). I&om figure 3

~=Qcos~ (6)

Qg=Qsin~ (7)

.._- .—— ———— — —. -——— _—
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ThermoaJnaIlic relations. - From the general energy equation and
from the isentropic relation between temperature and density, the
density ratio p/p. is related to the relative velocity Q W

.

.

where the subscript U refers to conditions upstream of the impeller
and where ~ is the whirl ratio (absolutemoment of momentum divided $
by r~co) given bY

Development of Method

Assumptions. - Before outtin the method of analysis it is con-
venient to discuss the majcm assumptions. Consider the fluid strip
in figure 4. Along the infiniteshsl distancesbounding the fluid
strip at the driving and trailing blade surfaces, the velocities may be
consid=ed constant aml equal to ~ and Qt, respectively, and the

flow tiections may be considered constant and equal to ~d and Pt.

Along the lines of constant R bounding the fluid strip in figure 4,
the velocity vsries in some unknown manner from Q,d to Qt and the

flow ~ection =ies from ~d to ~t. In this report it is assumed

that the average values of Q and p slong lines of constant R may
be used to satisfy the ccmditions of cont~ty and absolute irrota-
tional motion. The average value of Q is assumed to be given by

(lo)

and, for R S Rx, the average value of B is assumed to be given by

(u)

Also, for Rx s R s 1.0,

sin pav = A+ BR+CR2 , (12)

,,

u

—. —
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where A, B, and C are coefficients to be determined and where Rx

is the largest radius at which the fluid is comidered to be perfectly
guided by the blades; that is, the radius at which the dmplified
analyses given in references 6 and 7 break down. From figure 10 of
reference 7 the value of Rx for N equal to JC/10 and sin a
equal to 1.0 is about 0.8. For other values of A6 and sin a, the
value of ~ can be esthated from

@%Q=%&’-o*” “ (13)

where a is the average value over the interval Rx ~ R ~ 1.0. Equa-
tion (13) is based upon an etiension of the work in reference 1 where
for impellers with straight blades it is shown that the flow conditions
in one @?elJ_er can be correlated with the flow conditions in another

impeller at the same value of Mm ~ti ~. In reference 1, the

impeller-tip Mch nuuiberand the compressor flow rate were found to have
a negligible effect on the value of Rx.

Outline of theory. - Fluid strips such as shown in figure 4 exist
at all r@ii slong the surface of revolution. From the assumptims of
this analysis there are three unknowns (Qd~ ~Z ~d WV) for each
fluid strip. These unknowns can be determined by the simultsmeuus
solution of equatim (10) and the equations of continuity and zero
absolute circulation for flow across the fluid strip. Equations for
the distribution of velocity along the blade profile on a surface of
revolution will be developed in this report.

Zero absolute circulation. - In the absence M entropy gyadients,
which result from shock, viscous dissipation, heat transfer, and so
forth, the absolute circulation around the fluid strip in figure 4 is
zero so that

[ 1& (~T+@)av~ dM=O (14)

where (Ill@+ @)av is the average absolute tangential velocity and
where from trigonometric considerations of the velocity triangles
(fig. 5) Q + ~ sin ~ is the absolute velocity component along the
blade surface. From equations (7) and (14) and from the assumptions
that Q and ~ equal G& and pavj respectively, in the passage

between blades,

. . .. ——____ -—— ———— -.
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.

$-J+

o (15)

Fjiy, from equations (10) and (15)
-——

/

(16)

and from equation (lJ_)

Qd.2c&-~ (17)

If %V ad ~av are lnmwn, Qd and Qt can be determined from

equations (16) and (17).

Avaage velocity WV. - lhom continui~

across the fluid strip in figure 4,

considerations

frarnwhich

% =

where the flow coefficient Cp is defined by

of the flow

(18)

(19)

iu which Aw is the’incremental flow rate thrmgh the passage between
two blades on the surface of revolution and. (k) T is the incremental

flow mea (betwea two bides) namal. to the &Lrection of ~ at the
impeller tip

(lh)T . q(A8)i&3h)T (19a)

——.—— .—
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The flow rate per unit flow area at the impeller tip Aw/(l!a)~ is
. known so that the flow coefficient T can be determined by equa-

.

.

.

-.

tion (19). The density ratio

Q equsl to C&

PaJPO is given by equaticm (8) with

(20)

Therefore, the velocity WV ca %e determined by the s~taneous

solution of equations (18) and (20) provided that the average flow
direction Pav is known.

Average flow Mrection. - In the passage between IIl_adesthe
average flow Urection is assumed egpal to the average blade direction
(equation (n) ) except nesr the blade tip (Rx= R ~ 1.O) where
sin ~av is given by equation (12). The exact variation h Bav

with R in the interval ~s R S1.0 could be represented by an

infinite series. However, because the variation h ‘~ ~av with R

will not, in general, contain an inflection point, a psrabolic varia-
tion in sin ~av with R has been assumed and only the first three
terms of the infinite series retained. The constants A, B, and
in equation (12) we determined frcnn:

(1) (SiIl ~av)~ =A+~+~2

and

(3) (s~ ~av)T =A+B+C

so that

A=(Bti Pav)T -B-c

1

c!

(21)

——.-.—. _—. .— —. —.————
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where (sin ~*~)~ s.lld
r’:’’”).

are lmown fimn the blade gecmetry

at Rw and where (sti pav)T is determined fr~ tie SWI factor p,

which is defined by (refecence 6)

so that

MT (w-1)
(sti &)T = “- (22)

The slip factor p is assumed to be known, or can be estkted, as a
result of the work presented in references 1 and 7y for exsmple.
(Further discussion on Rx and the slip factor v is given later in

this report.) The velocity (~v)T in evti~ (22) is obtained from
equatims (18) and (20] with R and H equal.to

(cos @a~)T replaced by
~ “here

by equation (22):

1.0 and with

(s~ ~av)T is @-V=

(~v)T =

{1+%[(%%&JLd’ip-J’23)
Equation (23) is solved for (~v)T by trial-=d error. ~eref ore}
P is determined as a function of R (w M) by equations (I-1.),(I-2),

a% (21)● The velocities ~, ~, and ~v are determined as func-

tions of M (or R) from equations (16), (17), and (18). (The last
term of equation (16) is determined from the slope of

(~ + ~v s~ @av) R (~) plotied ~titi M.)

AYI!HCATION OF METHOD

The following outLLne of the numerical procedure is given for the
general case of a mixed-flow impeller with arbitrary hub and shroud
contours in the meridional plane (fig. 2) and arbitrary blade shape
(curvatureand thiclmeqs distribution) on surfaces of revolution. It
is assumed that the surfaces of revolution are known, that is have been
gen=ated by the center lines between adjacent meridional streamlines

.
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obtained from an aSsJ. symmetry solution (reference U.,
The following outline of the numerical procedure refera
these surfaces of revolution.

l-l

for example).
to any one of

Specified conditions. - The following quantities are specified

(1)

(2)

(3)

(4)

(5)

(6)

Flow coefficient P (definedby equation (19) in which

PO) co, Aw, and (Aa)T are known quantities)

Impeller-tipMach mmhr ~ (definedbyegyation (5))

W&l ratio AU upstresm of impeller (definedby equation (9))

Ratio of specific heats T

ficnnthe shape of the center line between adjacent meridional
streamlines that generate the surface of revolution,

R

and

a

where the distance M
face of revolution is
ler tip and decreases

Erom the spacing of the

H

Variation in sin 13av.- The

the impeller tip (~r R~l.0)

= R(M)

= u(M)

along a meridional line on the sur-
arbitrarily equal to zero at the impel-
toward the impeller Met

adjacent meridimal streamlines,

= H(M)

variation in sin $av with R n=

is determined as follows:

(1) Compute the value of Rx by equation (13). H sin a varies
in the region Rx< R s 1.0, as it generally does, the
average value of a in this region is used in equation (13),
and because the average value of a varies with the value
of Rx, equation (13) must be solved by trial smd error.
However, because the value of a does not generally vaxy
geatly in the region Rx ~ R ~ 1.0, a satisfactoryvalue
of Rx could be obtained frum equation (13) using the
average value of a obtained from an initially assumed
VdUe of Rx. Also, eqyation (13) was developed from
information (references1 and 7) relating to blades that
are not designed to unload at the tip. If the blades
being considered were designed to unload at the tip, the 1’ ‘
directim” of the mean flow path near the impeller tip
would deviate less from the mean blade direction and the

—..——- —— .— . ——. .——
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value of Rx would be somewhat ~eater than that given by
equation (13). The value of Rx is not especially criti- .

cd md in these cases, with sufficient experience, it can
probably be estimated accurately enough frcm the ratius at
which an assumed path of the mean streanikbe (sketchedby
experience) deviates appreciably frm the mean Mre&ion
of the blade profile on the surface of revolution.

(2) Esttite the value of W, or obtain values from refermces 1
ad 7. The values of u @ven ti references 1 and 7 were
obtatied for blades that are not designed to unload at the z
tip. If the blades being consid~ed were designed to unload
at the tip, the direction of th,emean flow path at the @?el -
ler tip would deviate less from the mean blade direction
at the tip and the value of w would be somewhat greater
than that indicated in references 1 and 7; that is, (~a~)T

* & + @T* The valuewould be more nearly equal to

of p, like the value d? Rx, is not espeoiall.ycritical
and.h these cases it can probably be est-ted accurately
enough from the assumed shape of a mean streaniline(sketched
from experience)between blade-element profiles on the sur-

.

face of revolution.
,,

(3) Compute (~~)T from ewtiOn (23) by trial and error.

(4)Cqte (Sb pap.)T frm e~tion (22)●

(5) Cmpute coefficients A, B, and C frcm equations (21.).

(6) Compute sin pap over the interval ~< R s 1.0 by equa-

ticm (12).

The miation in Bav for R less than ~ is gi.vemby equ.a-

(11). LCbisequation is assumed to be vaWl downstream to the
hgelierWet. If the angle of attack at the impeller 5nlet is zero,
the assumption is probably good. If the angle of attack is small.,the
error involved is probably mall. and could be partly corrected by
estimating the path of the mean streamlinebetween blades in this
region. For large angles of attack, the stagnation point on the blade
surface may exist well inside the impeller passage and the ideal flow
is reversed slong the blade surface downstream of this point. Under
these conditions, the method of analysis does not apply near the
@eller Met but because of the high blade solidity it does apply
elsewhere in the hpeller.

-.
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Average velocity C&

of M (or R) is determined

by eqpation (20). Because

13

- The average velocity” C& at each value “

by equation (18) in which pa~po is given

Pa-JPo also contains C&, the shultan-

.

.

.

eous solution of equations (18) and (20) must be by trial and error.
A suggested procedure is first to compute pa /p. assuming that ~v

7in equation (2o) is zero. This value of Pav P. iS th= used to com-
pute ~v by equation (18). The process is repeated each time using

/the new value of G& to ccmprte pav PO until the value of ~v

converges.

Velocities on blade surfaceB, ~ and ~. - The velocities on the

blade surfaces at each value of M (or R) are determined by equa-
tions (16) and (17). The last term b equation (16) is obtained from
the slope of (~ + ~v sin Pav) R (m) plotted aga~t M.

Finally, the static (stream)pressure p correspondingto the
relative velocity Q at any radius R is given by

(24)

The approd.mate analysis method developed in this report is
applied to eight examples for which relaxation solutims of the exact
differential equation for two-dimensional compressible flow in impel-
lers of centrifugal compressors are given in references 1 and 7.
Althuugh these exsmples are for radial- or conic-fluw surfaces and not
for arbitrary surfaces of revolution, they cover a fairly wide range
of design and operating variables so that a comparison of the veloci-
ties (on the blade surfaces) obtained by the relaxation soltiions and
by the appro-te analysis method should serve as a check an the
validity of the ap~oxiade method.

Types of impeller. - The eight numerical examples are for two-
dimensional radial-flow impelLers for which a is equal to 90° and the
surfaces of revolution are-flat planes normal to the“es of the
impellers. The impellers (fig. 6) contain a finite nmiber of thin
s~dght (~d = Pt = 0) or lo~it~c-spfid (Pd = Pt = c~~t)

blades, and the flow area norml to the direction of ~ is constant
so that HR equals 1.0. Only the critical flow region toward the tip
of the impeller was investigated (O.70s R <1. O). The diffuser vanes
(if any) and the inducer vanes were assumed to be far enough removed
not to affect the flow in this region.

——. . -——.—- _ ——. .— .- —.— — —
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Design and operating variables. - The following desi~ and opera-
ting variables were specified fcm the eight examples:

-le

(d

[
b)
c)

1

d)
e)
f)

(g)
(h)

2.5
.7
.9
.5
.5
.5
.5
.5

%!

1.5
1.5
1.5
2.0
1.5
1.5
1.5
1.5

M

2@0
2Y-C/30
2fl@
2fi/30
Z1-C/zo
2Y1/20
Z1-C/zo
2YC/20

tanp

o

0

0

0

0

-0.5
-1.0
0

Fluid

Compressible
Compressible
C~ressible
Compressible
Compressible
Compressible
Compressible
Incompressible

0.934
.937
.938
.935
.899
.834
.768
.892

The wlxirlratio upstream of the hpeller Au was zero and for the com-
pressible fluid the ratio of specific heats y was 1.4. The vslue
of the slip factor p given in the table was obtained from the relaxa-
tion soltiions and was also used to compute (sin ~av)T in equa-

tion (22). Fw the incompressibleexample, the speed of sound co con-

tained in the defhitims d Q, ~, and ~ is a fictitious quantity

(constant) ccmsi@ed equal to the upstream stagnation speed of sound
of the compressible-flowexsmples with which the incompressible-flow
example is compared.

Results. - The results of the comparisonbetween the relaxation
solutions and _&-eapproximate method of analysis =e shown in figure 7
for the eight exsmples. The velocities ~ and ~ are plotted

against R fa the relaxation solutions and far the approximatee solu-
tions, me average velocity C&V used h the appro-te method of

analysis to obtain ~ and ~ is also plotted.

The effect of lncreas@ the flow rate (flow coefficient) on the
agreement between the relaxation solution and the appro~t e solution
is shown in figures 7(a) to 7(c). The agreement appears equald.ygood
for alJ_flow rates. h view of the rektive simplicity of the approxi-
mate method of analysis, the agreement is considered enttiely satis-
factory”everywhere except in the inmediate vicinity of the impeller tip
where the results of the appro-t e method of analysis do not follow
the rapid unloading of the blades. This rapid unloading is-characteris-
tic of blades th@ are not designed to unload at the tip. If the
blades were designed to unload, the agreement between rekxation solu-
tions end a~rodmate solutions should be better. In any event the
disagreementis serious only over the last 2 percent of impeller-tip
radius, The failure to unload at the impeller tip @l bq observed in
most of the remdni ng solutions.

—-——..- .
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The follmdng figurq comparisons
effect of increasing impelll.er-tip

X5

indicate: figures 7(a) and 7(d),
Mach nuntmr; figures 7(a)

7(e), the effect of ticreashg angular width of passage between
blade; (AB); figures 7(e), 7(f), and 7(g), the effect of larger
negative blade angles ~; and figures 7(e) and 7(h), the effect of
compressibility. h figure 7(h), the peculiar humps in the velocity
distribution obtainedby the approximate method of analysis indicates
that for incompressible‘flowthe blades start to unload at a lower
value fcm ~ than that giv~ by equation (13).

In view of the relative simplicity of this approximate,but rapid,
method of analysis, the agreemmt between the rel-tion solutions and
the appro~te solutions is considered good in all cases investigated;
that is, over fafily
blade curvature, and

wide ranges of flow rate,
number of blades.

@eller-tip speed, -

A rapid approximate method of analysis was developed for deter-
mining the veloci~ distribution on impeller blades of centrifh~
compressors. @ eight numerical examples the velocities obtainedby .
the appro-te method of analysis were ccmpared with the more nearly
correct values obtained by relaxation methods. InaKl cases, that is,
over a fafily wide rsmge of flow rate, impeller-tip speed, blade
curvature, and number of bhdes, the ageement between velocities
obtained by the approximate method of analysis and by rel--tion
methods was considered good.

Lewis Flight Propulsion Laboratory,
National Advisory Comittee for Aeronautics,

Clevel.snd,Ohio, April 27, 1951.
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APPENDIX - smBoIs

5e folll.owingsynibolsare used in this report:

M

%

P

Q

R

??T

s

T

z

a

coefficients defined by equation (21)

st+paticm speed of sound upstresm af

acceleration due to gravity

height ratio d fluid strip normal to

distance along meridional line

[

dimensicmless, expressed as
fig. 3)

hpeller, equation (4)

surface of revolution,

on surface of revolution
ratio of impeller tip radius ~)

hpeller tip Mach nmiber, equation (5)

static (~tream) pressure

relative velocity on surface of revolutiau (dimensionlesss,
expressed in units of the stagnation
of @el.J-er co) (fig. 3)

cylindrical coordinate (dimensionless,
impellff-tip radius q) (fig. 3)

impeller-tip radius

speed of sound upstream

expressed as ratio of

distsmce along streamline on surface of revolution (&hnension-
less, expressed as ratio of impe3&r-tip radius rT) (f@. 3)

static (stream) temperature

cylhdrical coordinate (ttkemsicmless,expressed as ratio of
~~er-tip radius rT) (fig. 3)

slope of surface of revolution in direction of ~, equa-

tions (la) and (lb) (fig. 3)

flow &lrection on surface of revolution, equations (2a) and (2b),
(fig. 3)

ratio & specific heats .

incremental flow srea between two blades and normal to the
direction of ~ at impeller tip, equation (19a) .

— —— .-— .
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.

Ah incremental height of fluid strip on swface of revolution

.
Aw incremental flow rate between two blades on surface of revolu-

17

.
.

tion

Ae angular width of passage between blades, radians
wise specified, equaticm (3)

e cylindrical coordinate, radians unless otherwise
(positive about Z-axis according to right-hand

A whirl ratio, eqpation (9)

P slip factor, equation (22)

P static (stream)weight tisiizy of fluid

9 flow coefficient, equation (19)

unless other-

specified,
rule) (fig. 3)

(D angular velocity d hpeller (in tiection of positive 13)

subscripts:

abs

av

d

M

o

R,e,z

T

t

u

x

component of absolute velocity along blade surface

average

driv3ng face al?blade (blade surface h direction of rotation)
(fig. 4)

component along meritimal line on surface of revolution

absolute stagnation condition upstream of hpelller

canponents in positive R-, 8-, Z-directions, respectively

@eller tip

trailhg face of blade (blade sm’face opposed to Urection of
rotation) (fig. 4)

upstresm of impeller
.

position along meridional tie on surface of revolution at which
the assumption of perfect guiding of fltidby blades is con-
sidered to break down

. . . . .———-- .—— - -— —.. ——.
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Figure1.- Passage betweenblades’in impellerof typical centrifugalcmpressor.
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Meridional
streamlines
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MS of Impeller.—
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Figure20 - Stretiines in meridion~ plane for sxial-symmetry solution
of flow through impeller of figure 1.
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Figure 3. - Surface of revolutionwith c~tes and wl.ccitycanponents.
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.

of blade

Figure 4. - Developedview of fluid stripbetweenblades on sur-
face of revolutionat radiusR.

Y
Directionof
blade surface

0,

\

I
[

I
I
I

=&=

Figure 5. - Velocitytrianglefor computm componentof
absolutevelocityalong bkde surface.
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Flow region tivestigated (R >0. 7)1
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Figure 6. - Impeller-design characterietlcs for numerical exmmles.

Straight impeller blades shown.
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NACA TN 2421

~Relaxatlon aolutlon
Approximatemethod

I I I I I I 1
.70 .75 .80 .85 .90 .95 1

R

(a) Example (a): flew ooeffloient9, 0.5; Impeller-tipMeuh number +, 1.5; oonetantflow
area (8R . 1.0);angularwidth of passageAe, I@; blade ~le ~, O;

compressibleflow (y - 1.4).

)

Figure 7. - VarlatlonIn velooityalong blade surfacesas obtainedby relaxationmethods (ref-
erences1 and 7) end by approsmate m%thod.
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Q

~Relaxatlon solution
Approximatemethcd

Rx

.85 ~
.65- .70 .75 ,80 .90 1.0

R

(b) Example (b): flow coeffloientg, O.7j other Paramaterasame as example (a).

Figure 7. - Continued. Variationin velocityalong blade surfaoesas obtaigedby relaxation
methods (referenoes1 and 7) and by appro-te method, -.
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o— Rel.exatlonsolutlon
Approximatemethod

I‘x
I I I I I I

5 .70 .75 .80 .85 .90 .95 I
R

o

(c) _ple (0): flc& coefficientq, 0.9; other parameterssame as example (a).

Figure 7. - Continued. Variationin velocityalong blade 8urfaces aa obtainedby relaxation
methods (referenoes 1 and 7) and by approximatemethod.
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~Relaxatlon solution
Approximatemethod
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27

.0

(d) Ezsm@e (d): impeller-tipl.lathnumber )$, 2.0; other paramaterasame as example (a).

Fi+?me 7. - Continued. VariationIn velooltyalong blade surfacesas obtainedby relaxation
methode (references1 and 7) and by approximatemethod.
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~Relaxation aolutlon
Appro=te method

o

Rx =s=
I I I I I
-r,-, -7. .,. .- .- .-

.,” .,.J .Ou . Oa . Yu .33
R

1

(e) Example (e): FLDSUlar~ld~ Of paeaageAEJ,18°; other parameterssame as example (a).

“

.

-e 7. - Continued. Variationin veloaityalong blade aurfaoes88 obtelnedby”relaxation
methods (references1 and 7) and by apprmxlmatemethod.
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~ Relaxationsolution
Approximatemethod

o r-l

u

Rx
v

I I I I I
i .70 .75 .80 .85 .90 .95 1.0

R

(f) Example (f): blade angle P, tan-1 (-0.5); other parameterssame aa example (e).

Figure ~. - Continued. Variationin velooityalong blade aurfaoesas obtainedby relaxa-
tion methods (references1 end 7) aod by approximatemethod.
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C1-Relaxation solution
—Approximate solution

I 1“ I I I I
j .70 .75 .80 e5 .90 .95 1.0

R

(g) _le (g): blade angle ~, tan-l(-l.O); other parameterssame aa example (e).

Flgura7. - Continued. Varlatlonin velocityalong blade surfaoesaa obtainedby rel--
tion methods (references1 and 7) and by approxlmte method.
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~Relaxation aolutlon
Apprccdmatesolution

QaV
(

I I I I I
5 .70 .75 .80 .85 .90 .95 1

R

(h) Exemple (h): inoompresalbleflow; other parameterssame as example (e). Note that
for inoompresslbleflow s~tlon speed of aeund O. containedIn definitionsof Q, l.%,

)

end q Is a fictitiousquantitywhioh, if consideredequal to O. of example (e), enables
oomparlsonof compressible(example(e)) and Incompressible(example(h))solutionsfor
same Impeller-tipspeed,weight-flowrate, and ao forth.

Figure 7. - Conoluded. Variationin velooityalong blade aurfaceaas obtainedby relaxation
methods (references1 and 7) and by approximatemethod.

NACA - Langley Field, V&
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